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WORKSHOP PRESENTATIONS A N D  DISCUSSIONS 
2.1 RADIUS AND MASS OF TITAN 
D. blorrison 
Introduction 
Knowledge of t h e  radius and mass of a s a t e l l i t e  i s  fundamental t o  an 
understanding of i t s  physical  na ture .  Both q u a n t i t i e s  a re  needed t o  der ive  
the  dens i ty  and the  surface  g rav i ty ,  and the  radius  is  a l so  required f o r  t h e  
i n t e r p r e t a t i o n  of v i s i b l e ' a n d  in f r a red  photometry i n  terms of albedo and 
br ightness  temperature. Of the  two parameters, T i t an ' s  mass i s  by f a r  t h e  
b e t t e r  known. 
T i t an ' s  Mass 
T i t an ' s  o r b i t  i s  i n  resonance with t h a t  o f  Hyperion, and from i t s  per-  
turbat ions  on t h e  smal ler  s a t e l l i t e  s eve ra l  i nves t iga to r s  (e .g . ,  Eichelberger 
1911; Woltjer 1928; J e f f e r y s  1954) have determined t h a t  i t s  mass i s  1.37 x 1 0 * ~ g .  
These values have r ecen t ly  been reviewed by Kovalevsky (1970). Both from in -  
t e r n a l l y  est imated e r r o r s  and from the  agreement among d i f f e r e n t  authors using 
d i f f e r e n t  techniques of ana lys i s ,  it i s  apparent t h a t  t h e  uncer ta in ty  i n  t h i s  
mass is  only about 1%. Even i f  t he  uncer ta in ty  were seve ra l  times t h i s  value,  
the  mass would s t i l l  be one of t he  best-determined p rope r t i e s  o f  t h i s  s a t e l l i t e .  
'Tit an' s Radius 
The radius  o f  Ti tan  i s ,  i n  con t r a s t ,  a  r e a l  problem. As seen from Earth, 
t he  apparent diameter o f  t h i s  s a t e l l i t e  i s  only about 0.8 arcsec ,  and even under 
the  bes t  observing condit ions,  it is  extremely d i f f i c u l t  t o  measure t h e  s i z e  of 
such a small objec t .  The v i sua l  measurements have been reviewed and summarized 
by Dollfus (1970), and a recent  note of mine (Morrison 1973) contains some addi- 
t i o n a l  comments on these  techniques. 
The most extensive and successful  v i sua l  observations o f  t he  s i z e  of Titan 
and o the r  s a t e l l i t e s  and a s t e ro ids  o f  comparable angular dimensions have been 
made by seve ra l  French observers,  working pr imar i ly  a t  t he  Pic  du Midi Observa- 
t o ry  with te lescopes  of modest aper ture .  The two instruments most appl icable  
t o  Ti tan  are  t h e  double-image micrometer, i n  which two images o f  the  s a t e l l i t e  
a re  brought i n t o  tangency and t h e i r  separa t ion  measured, and t h e  diskmeter, i n  
which an a r t i f i c i a l  image, with adjus table  diameter, sur face  br ightness ,  and 
limb darkening, i s  v i sua l ly  compared with t h e  image of Titan.  Both instruments 
have y ie lded diameters t h a t  a r e  highly reproducible,  but t he  sys temat ic  e r r o r s  
are  extremely d i f f i c u l t  t o  evaluate .  Older, and s l i g h t l y  l e s s  reproducible,  
observations have a l so  been made with f i l a r  micrometers a t  a  number o f  observa- 
t o r i e s .  
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In hrts review o f  a l l  t hese  da t a ,  Dollfus (1970) f inds  a mean diameter i n  
arcsec  of 0.703 rt .10 f o r  t h e  f i l a r  micrometer measurements, o f  0.700 + .07 f o r  
t h e  diskmeter measurements, and of 0.700 rt .06 f o r  t h e  double-image micrometer 
measurements. The r e s u l t i n g  physical  diameter is  4850 + 300 km. I f  poss ib l e  
sys temat ic  unce r t a in t i e s  a re  allowed fo r ,  t h e  ac tual  uncer ta in ty  i n  t h i s  value 
i s  almost ce r t a in ly  l a rge r ,  amounting t o  a t  l e a s t  10%. 
Some ca l ib ra t ion  of poss ib l e  e r r o r s  i s  provided by recent  very p rec i se  
measurements of t he  s i z e s  of t he  Gali lean s a t e l l i t e s  10 and Ganymede, derived 
from timings of occul ta t ions  of s t a r s  by t h e  s a t e l l i t e s .  Since typ ica l  angular 
motions of s a t e l l i t e s  and a s t e ro ids  are  <0.05 arcsec /sec ,  a  timing p rec i s ion  
of 0.1 s e c  y i e lds  a prec is ion  qf ~ 0 . 0 0 5  arcsec  i n  t h e  s i z e ,  which i s  a t  l e a s t  
an order-of-magnitude gain over t h e  bes t  v i sua l  measuremenes. The p r a c t i c a l  
requirements are  t h a t  the  s t a r  be no more than about two magnitudes f a i n t e r  
than the  occul t ing  object  and t h a t  t he  occul ta t ion  be predic ted  s u f f i c i e n t l y  
i n  advance t o  permit s eve ra l  photometric te lescopes  t o  be i n s t a l l e d  i n  the  
zone-of v i s i b i l i t y .  Both o f  these  requirements have been discussed i n  d e t a i l  
by O'Leary (1972). On 14 May 1971 10 occulted t h e  5th-magnitude s t a r  B Scorpi i  C. 
Photoelec t r ic  observations from four  observing p a r t i e s  give a radius ,  on the  
assumptiton t h a t  10 is  sphe r i ca l ,  of  1830 rt 2 km (Taylor 1972). I f  t h e  s a t e l l i t e  
has t h e  f igure  expected f o r  a t i d a l l y  and r o t a t i o n a l l y  d i s t o r t e d  f l u i d ,  t he  mean 
radius  is  1818 + 5 km (O'Leary and van Flandern 1972). In June 1972, an occulta-  
t i o n  by Ganymede of an 8th-magnitude s t a r  was timed by th ree  observing p a r t i e s .  
From these  da ta ,  Carlson e t  a l .  (1973) give a radius  of 2635 km. The occul ta-  
t i o n  radius  of 10 is 4% l a r g e r  than the  value given by Dollfus (1970) and t h a t  
of  Ganymede i s  5% smaller;  t h e r e  i s  thus no ind ica t ion  of major sys temat ic  
e r r o r s  i n  t h e  v i sua l ly  derived r a d i i  of t hese  two s a t e l l i t e s .  
I t  i s  not c l e a r  whether the  high accuracy of t he  v i sua l  measurements of  
10 and Ganymede w i l l  apply as  well t o  Ti tan ,  which i s  smal ler ,  has much lower 
surface  br ightness ,  and may, i n  consequence of i ts  atmosphere, have substan- 
t i a l l y  g r e a t e r  limb darkening. The absence of an o p t i c a l l y  th i ck  atmosphere 
on any o the r  small objec t  makes at tempts t o  c a l i b r a t e  t he  T i t an  observations 
against  those  of o the r  s a t e l l i t e s  somewhat questionable.  An a l t e r n a t i v e  com- 
par ison might be with Neptune: here,  t h e  occu l t a t ion  diameter (Freeman and 
~ ~ n ~ g  1970) i s  l a r g e r  than t h e  v i sua l  one by ~ 0 . 0 7  arcsec,  suggesting t h a t  
limb darkening may indeed a f f e c t  t he  v i sua l  techniques. 
S t e l l a r  Occultat ion Measurements 
I  th ink  we could a l l  agree t h a t  t he  observation of an occul ta t ion  of a 
s t a r  by Titan would be extremely valuable,  both f o r  determining an accurate 
radius ,  and, even more, f o r  t he  study of i t s  atmosphere, as  discussed by Veverka 
(Chapter 3). I f  an occu l t a t ion  of a s t a r  of  8th magnitude o r  b r i g h t e r  were pre-  
d i c t ed ,  even with only a warning of a few weeks, then every e f f o r t  should be 
made t o  obta in  good pho toe lec t r i c  photometry. I  note,  however, t h a t  occul ta-  
t i o n s  even of s t a r s  o f  magnitude 9 o r  10 could be used t o  measure the  radius .  
The problem here  i s  t h a t  our  uncer ta in ty  i n  t h e  pos i t ions  of s t a r s  t h i s  f a i n t  
precludes accurate p red ic t ion  of events.  In p rac t i ce ,  an occu l t a t ion  w i l l  be 
predic ted  only i f  t he  s t a r  i s  i n  the  SAO cata log ,  which i s  by no means com- 
p l e t e  a t  t h i s  magnitude l e v e l .  We should se r ious ly  consider t h e  value of a 
program of photographically examining the  sky ahead of Ti tan  i n  order  t o  pre-  
d i c t  occul ta t ions .  In order  t o  take  advantage of t hese  predic t ions ,  it w i l l  
a l so  be necessary t o  have observers with h igh-qual i ty  por table  pho toe lec t r i c  
photometers who a re  wi l l i ng  t o  t r a v e l  on shor t  no t i ce  i n t o  t h e  zone o f  v i s i -  
b i l i t y  of  t he  occu l t a t ion ,  which w i l l  be, o f  course, about 5000 km wide. A 
modest l eve l  of  funding f o r  such a program could be a very good investment. 
Summary 
I t  i s  apparent from the  preceding discussion t h a t  t h e  radius  of Ti tan  i s  
not well  known ,a t  present ,  and t h a t  t h e  uncer ta in ty  i n  t h e  radius  produces very 
s u b s t a n t i a l  uncer ta in ty  i n  t h e  dens i ty  (proport ional  t o  and i n  su r face  
g rav i ty ,  albedo, and thermal luminance ( a l l  dependent on r 2 ) .  I suggest t h a t ,  
f o r  convenience, we a l l  agree on a radius  o f  2500 km, which i s  a good round 
number. This value is  3% l a r g e r  than the  value based on the  v i sua l  measure- 
ments, as i n t e rp re t ed  by Dollfus (1970), and i s  2% smal ler  than  the  value used 
by seve ra l  recent  i n f r a r e d  inves t iga to r s  (Morrison e t  a l .  1972; G i l l e t t  e t  a l .  
1973; Joyce e t  a l .  1973). 1 would a l s o  adopt an uncer ta in ty  (possibly op t imis t i c )  
i n  t h i s  radius  o f  ? lo%.  With t h i s  radius  and t h e  known mass, t h e  dens i ty  o f  Titan 
i s  2.1 + 0.6 g cm-3 and t h e  acce le ra t ion  of g rav i ty  a t  t h e  surface  is  145 ? 30 
cm s - ~ .  Presumably t h i s  radius  r e f e r s  t o  approximately t h e  cloud l eve l ,  and i f  
t he  clouds a re  a long way above t h e  surface ,  t h e  mean dens i ty  o f  t he  s o l i d  body 
of t h e  s a t e l l i t e  w i l l  be higher.  For many inves t iga t ions ,  it i s  c l e a r  t h a t  a  
more accura te  value of t he  r ad ius  would be useful .  This work was supported i n  
p a r t  by NASA grant  NGL 12-001-057. 
Danielson: Depending on the  d e t a i l s  of  t he  model, t h e  limb darkening on Titan 
could be e i t h e r  g rea t e r  o r  smal ler  than on t h e  Gali lean s a t e l l i t e s ,  so  t h e  sense 
of t h e  correc t ion  i s  not  necessa r i ly  t o  increase  the  radius  o f  Ti tan .  
Veverka: Gordon Taylor of  the  Br i t i sh  Nautical Almanac Office has made a search 
f o r  occul ta t ions  o f  s t a r s  i n  t h e  SAO cata log  by Titan f o r  about t he  next f i v e  
years ,  and none are  indica ted .  Thus we a re  unl ike ly  t o  have a r e a l l y  high- 
q u a l i t y  event soon, although occu l t a t ions  of s t a r s  too  f a i n t  t o  be i n  t h e  SAO 
cata log  but s t i l l  b r igh t  enough t o  provide a good radius  determination may take  
place.  An a l t e r n a t i v e  means of measuring t h e  diameter o f  Titan is  by high-speed 
photometry of occul ta t ions  of Titan by the  Moon. There w i l l  be a favorable  event 
of t h i s  type i n  March 1974, and I in tend t o  observe it. 
Morrison: How accurate do you th ink  the  diameters from lunar  occu l t a t ions  w i l l  
be? 
Veverka: I  have no t  worked it out i n  d e t a i l ,  but c e r t a i n l y  t o  a g r e a t e r  accuracy 
than we now have -- perhaps t o  a few tens  of ki lometers.  Also, these  accu l t a -  
t i ons  are  frequent,  s o  a number of events could be observed t o  r e f i n e  t h e  values.  
